Abstract. Species colonizing large-scale disturbances face heterogeneous environmental conditions that may strongly affect the relationship between phenotypic variation and reproduction. We investigated spatiotemporal variation in individual plant flowering phenology, flower and fruit predation, plant size, and fruit production in populations of Lupinus lepidus colonizing landscapes created by the 1980 eruption of Mount St. Helens. We quantified these variables in three populations in 1990, one that survived the 1980 eruption and two newly founded colonizing populations, and continued study of one newly founded population through 1992. We used structural equation modeling (SEM) to analyze the direct and indirect effects of size, phenological variables, and predation on fecundity, and to compare path coefficients among years and populations. Flowering phenologies were constant among populations and years in colonizing populations, but plants in the surviving population flowered earlier, more synchronously, and for a shorter duration. Flower and fruit predation by lepidopteran herbivores varied substantially among populations and years, and phenological variables strongly influenced herbivore damage. Although mean flowering date had a direct positive effect on fruit number in all three years in the large colonizing population, the total effect of flowering date varied among years because later flowering resulted in greater fruit predation. In the surviving population more asynchronous individuals had more fruits, but mean date had no effect. We conclude that substantial spatiotemporal variability in optimal phenology may prevent fine-scale adaptation of flowering schedules, and that phenotypic variation and herbivory may affect the demography of colonization populations.
INTRODUCTION
Variation in community assembly and abiotic conditions during succession (del Moral and Wood 1993 , Chapin et al. 1994 ) commonly presents colonizing species with heterogeneous and often unpredictable environmental conditions. Despite the expectation that such species have characteristics adapted to colonization (Baker 1965 , Grime 1979 , Brown and Marshall 1981 , environmental heterogeneity may cause optimal trait values to change between episodes or at different stages and sites of colonization. In this case, individuals of even highly colonizing species are unlikely to possess the optimal phenotype for a particular colonizable habitat (Brown and Marshall 1981) , a circumstance that may alter the demography of colonizing populations and result in variable selection pressures.
Phenology, the seasonal timing of life history events such as germination or reproduction, comprises a set of traits that may critically affect reproductive success (Rathcke and Lacey 1985) yet whose optima are likely to vary widely across colonizable habitats. Flowering phenology is particularly important because it determines reproductive synchrony with potential mates (Augspurger 1981 , Marquis 1988 , synchrony with or attractiveness to pollinators (Schemske 1977 , Augspurger 1981 , Gross and Werner 1983 , and utilization of seasonally available resources such as light or water (e.g., Schemske 1977 , Schmitt 1983 , Marquis 1988 , Galen and Stanton 1991 , Walker et al. 1995 . Flowering time may also strongly affect reproductive success by determining synchrony with, and thus vulnerability to, floral herbivores and seed predators (e.g., Breedlove and Ehrlich 1968 , 1972 , Augspurger 1981 , Schemske 1984 , Pettersson 1991 , English-Loeb and Karban 1992 . If colonizing populations face heterogeneous and unpredictable assemblages of pollinators, herbivores, and resources, then individual variation in flowering phenology may have strong but spatially and temporally variable reproductive consequences.
Recent demographic analyses suggest that variation in fecundity, a component of female reproductive success, strongly affects the rate of population increase in growing (as opposed to stable or declining) populations (Bishop 1996 , Oostermeijer et al. 1996 , Parker 1996 , indicating that spatiotemporal variation in average fecundity may affect the demography of colonizing populations. Because population growth is the best measure of fitness in organisms with overlapping genera-FLOWERING PHENOLOGY AND COLONIZATION tions (Lande 1982) , fecundity is likely to be an important component of fitness in growing populations. While spatial variation that is constant through time may result in locally adapted phenologies, temporal variation may prevent such local adaptation and lead to the evolution of increased phenotypic plasticity or the maintenance of genetic variation for these traits (Bradshaw 1965 , Via and Lande 1987 , Turelli 1988 , Via et al. 1995 . Although the importance of flowering time has been studied in early successional communities (Heinrich 1976, Gross and Werner 1983) , we know of no studies that examine the spatiotemporal variability of the effect of flowering phenology on reproductive success following large-scale disturbances.
In this paper we examine the relationship between flowering phenology and fruit production in populations of a perennial lupine, Lupinus lepidus var. lobbii. These populations are colonizing primary successional landscape created by the 1980 eruption of Mount St. Helens (Washington, USA), and secondary successional habitat created by subsequent mudflows. Primary successional habitat was created by a massive debris avalanche that buried Ͼ60 km 2 to depths of Ͼ200 m, followed by blanketing flows of incandescent gas and pumice (Franklin et al. 1988 ). In 1981 a single individual of L. lepidus was found flowering on the debris avalanche deposits, 4 km from the nearest surviving population, and 200 m below its typical pre-eruption elevation (C. M. Crisafulli et al., unpublished manuscript) . The resulting population has been the focus of numerous studies demonstrating the importance of L. lepidus in primary succession (e.g., Morris and Wood 1989, Halvorson et al. 1992; C. M. Crisafulli et al., unpublished manuscript) .
The massive scale of the disturbance at Mount St. Helens is associated with striking spatiotemporal variation in pollinator and herbivore activity (Bishop 1996; J. G. Bishop, K. Werner, and D. W. Schemske, unpublished manuscript,) , plant community assembly (del Moral and Wood 1993) , and resource availability (Braatne 1989, del Moral and Bliss 1993) . In addition, the unusually low elevation of many colonizing lupine populations exposes them to higher temperatures, greater water availability, and longer growing seasons compared to those at pre-eruption elevations (Braatne 1989) . These conditions have the potential to strongly affect flowering phenology and its effect on reproductive success in L. lepidus. In this paper we ask: (1) Is natural variation in flowering phenology related to female reproductive success (i.e., fecundity)? (2) Does flowering phenology indirectly affect fecundity by its effect on herbivore damage to reproductive structures? (3) Do populations differ in these relationships? and (4) Do these relationships change between years? In our analysis we illustrate the use of structural equation modeling (SEM), a generalized form of path analysis, for comparing path models among populations and years, comparisons not made in previous ecological studies.
METHODS

Species and study areas
Lupinus lepidus var. lobbii is a short-lived (up to 5 yr) legume characteristically found on subalpine pumice substrates in the Pacific Northwest (Kruckeberg 1987) . Seeds germinate in May and June and individuals flower in their 2nd yr. Mature plants are generally Ͻ10 cm high, with stems spreading from a caudex in a circular pattern up to 80 cm in diameter. As in some other lupine species, flowers of L. lepidus are selfcompatible but require pollinator visitation (primarily bumblebees, Bombus spp.) or wind agitation to set seed (J. G. Bishop et al., unpublished manuscript) . The reproductive structures are attacked by a wide variety of herbivores (Bishop 1996) ; most common during the current study were larvae of the butterfly Plebejus icarioides montis (Lycaenidae), which chew through flower parts to eat developing seeds.
In 1990 we quantified individual flowering phenology and female reproductive success in two newly founded (1984, 1987) populations on the debris avalanche (hereafter termed ''large'' and ''small'' colonizing populations), and one population that survived the 1980 eruption (''surviving population''). The vegetation in the vicinity of the colonizing populations is species poor (Wood and del Moral 1987) , and dominated by L. lepidus. The large colonizing population, at 1030 m elevation, is 2 km from surviving vegetation, and 5 km from the nearest surviving populations of L. lepidus. In 1990 the population contained Ͼ10 000 individuals spread over ϳ1 ha. The small colonizing population is made up of five patches consisting of 17-40 individuals each. This population is at 1130 m, ϳ1.5 km from the large colonizing population and 500 m from surviving vegetation. The area encompassed by the small colonizing population is approximately equal to that of the large colonizing and surviving populations and represents an early stage in the formation of a population like the large colonizing one.
The surviving population was severely disturbed by the Pine Creek lahar, but it occurs in nearly continuous surviving vegetation and with numerous associated species, unlike the two colonizing populations (del Moral and Wood 1988) . This site, at 1350 m, is 200-300 m higher than the colonizing sites and is within 800 m of coniferous forest remnants. As in the large colonizing population, the surviving population comprised Ͼ10 000 plants spread over ϳ1 ha.
Census protocol
The goal of our field protocol was to measure naturally occurring covariation in individual plant size, timing of reproduction, insect damage to reproductive structures, and fecundity. In June 1990, before the onset of flowering, we established four 40-m transects in both the large colonizing and surviving populations, marking the plant nearest the transect at 2.0-m intervals for a total of 80 plants/population. All plants were studied in the small colonizing population, for a total of 144 plants. For each plant we estimated seven variables: (1) plant diameter, (2) total flower number, (3) flowering duration, (4) mean date of inflorescence production (mean date), (5) flowering asynchrony, (6) percentage flower damage, and (7) total fruit number.
Plant diameter, estimated at the beginning of the growing season, is an appropriate measure of size in this species because the plants are prostrate and their planar projection is roughly circular. To estimate reproductive and phenological variables, we censused and marked all new inflorescences and all infructescences bearing nearly mature fruits at approximately weekly intervals throughout the flowering season. A week was the approximate time needed for the inflorescences marked at the previous census to finish flowering. This schedule resulted in 12 censuses in each colonizing population and 8 in the surviving population, which finished flowering several weeks earlier.
We counted the number of flower scars on five randomly selected inflorescence stalks/plant, then estimated flower number as flowers/inflorescence ϫ total inflorescences.
We summarized individual phenologies using three variables: duration of flowering, asynchrony, and mean date. We calculated duration as the number of days elapsed between a plant's first and last flowering date. Mean date was the mean of census dates, in day of year (day 1 ϭ 1 January), weighted by the number of inflorescences produced on each date. Asynchrony was calculated as the absolute value of the difference between each plant's mean date and the mean date of the entire population. Other phenological variables such as the higher moments of the distribution (e.g., variance or skewness in flowering time), first flowering date, and peak flowering date were all highly correlated with duration, mean date, or asynchrony, indicating that including them in our analysis would not provide additional insight but might result in statistical problems due to collinearity among variables (Mitchell-Olds and Shaw 1987, Petraitis et al. 1996) .
We quantified flower damage by counting damaged (i.e., missing tissue) and undamaged flowers on seven haphazardly chosen inflorescences/plant at each census, if available. Percentage flower damage is the average percentage damage across dates weighted by the number of inflorescences on each date. Fruits were counted on seven infructescences (if available) on each plant at each census. We calculated total fruit number as a plant's mean fruits/infructescence on a given census date multiplied by the number of infructescences on that date, then summed over all census dates. Although total seed production would be a better estimate of reproductive success, our data for seeds/fruit are incomplete. However, in 64 plants for which seed information was available, regression analysis indicated that fruit number uniquely explained 97.1% of the variance in total seeds compared to 0.1% of the variance explained by seeds/fruit. Fruit number and total seeds are also highly correlated (Pearson correlation coefficient ϭ 0.98, P Ͻ 0.0001). Thus, fruit number provides a very good indicator of total seed number per plant.
We continued studying the large colonizing population for two subsequent years (1991 and 1992) to quantify temporal variation in colonizing populations; resources did not permit longitudinal study of more than one population. All measurements were repeated using the same plants as in 1990, except that plants that died between summers were replaced with their nearest neighbor. The population was censused 9 times in 1991 and 11 times in 1992. Two protocol changes were made. First, in 1991 we did not score flowers/ inflorescence, so we calculated flower number by substituting each plant's value for flowers/inflorescence from 1990 or 1992 (or the mean). This procedure is reasonable because a regression using 213 plants for which flowers/inflorescence was available indicated that number of inflorescences uniquely explained 71.6% of the variance in total flower number, compared to only 4.4% for flowers/inflorescence. Thus, error in the substituted values of flowers/inflorescence would have relatively little effect on total flower number. Second, in 1991 and 1992 we estimated an eighth variable, percentage fruit damage, by counting the proportion of ripe or nearly ripe pods with holes made by caterpillars of P. icarioides. Damage by this species was not observed in 1990, but caused significant damage in 1991 and was present in 1992. We scored damage on 15 fruits/plant, if available, sampled evenly across infructescences. Damaged fruits rarely contained viable seeds, so we calculated undamaged fruits (fruit number ϫ [1 Ϫ fruit damage/100]) as an indicator of postdamage reproductive success.
Analysis
Comparison of population means.-We compared population means for all variables using Tukey tests for multiple comparisons among means (Zar 1984) . We checked variables for conformation to normal distributions and compared ranks rather than means for variables that appeared non-normal. Separate analyses were performed for comparisons among populations in 1990 and among years in the large colonizing population. Significance levels were adjusted using sequential Bonferroni correction for the total number of comparisons in each analysis (Rice 1989) .
Path model specification.-We used path analysis to investigate how well the data support a set of hypothesized relationships among the variables. The structure of these relationships is illustrated in a path diagram ( Fig. 1) , in which an arrow indicates the causal effect of one variable on another. For our purposes the pri-FLOWERING PHENOLOGY AND COLONIZATION mary advantage of path analysis is that it allows quantification of indirect paths. For example, in our model flower number, mean date, and asynchrony have direct effects on fruit number, but they also affect fruit number indirectly by affecting percentage flower damage. Although our choice of phenological variables was based partly on the correlation structure of a host of phenological variables, the relationships illustrated in our path diagram arise primarily from a priori knowledge, based on other studies and field experience with L. lepidus. For example, we hypothesized that plants with a greater prereproductive diameter would have a higher flower number because larger plants are likely to have more meristems dedicated to reproduction. If onset of flowering depends on reaching a resource threshold (Lacey 1986 ), then larger diameter may also result in an earlier mean date and longer flowering duration, and small plants may display greater asynchrony with the population mean because they reach a threshold size late in the season. If flower number is influenced by factors other than diameter, such as microclimatic conditions, it may directly affect mean date and duration ( Fig. 1) .
Size is also likely to affect the attractiveness of a plant to herbivores; therefore, we include flower number and fruit number as the components of size influencing percentage flower damage and percentage fruit damage, respectively ( Fig. 1) . We also expect that mean date and asynchrony will affect herbivory by determining whether reproductive structures are present when herbivores can do the most harm Ehrlich 1968, 1972) . We hypothesized that fecundity (fruit number and undamaged fruits) will largely be a function of flower number, but because percentage flower damage and percentage fruit damage cause direct damage to reproductive structures they may also directly decrease fecundity (Fig. 1 ). Flowering duration, mean date, and asynchrony may directly affect fruit number by determining vulnerability to unmeasured herbivory and access to resources needed for fruit ripening.
Model estimation.-The relationship between each dependent variable in the path diagram and its predictors is modeled as a linear equation whose coefficients (i.e., the path coefficients) indicate the magnitude of the effect of each predictor on the dependent variable, with the other predictors statistically held constant (Loehlin 1987) . In most biological applications of path analysis the set of equations, one for each dependent variable, is solved with a series of multiple regressions (Kingsolver and Schemske 1991, Mitchell 1993) , a method that is frequently misused (Petraitis et al. 1996 ). An alternative is to recognize that the path model specifies a covariance structure among the variables by dictating which variables can and cannot covary. One can then estimate path coefficients by finding those values that maximize the likelihood of the observed covariance structure given the covariance structure hypothesized by the path model. These methods, implemented in structural equation modeling software such as LISREL or EQS 4.0 (Bentler 1989) , have several advantages over ordinary path analysis, such as allowing confirmatory factor analysis and the evaluation of nested models (Loehlin 1987; see Mitchell 1992 and Pugusek and Tomer 1995 for biological applications). We utilize SEM in the current study because it allows simultaneous significance testing for the set of individual path coefficients, and allows an analysis of how multiple data sets differ when fit to the same path model, a procedure called ''multisample analysis'' (Bentler et al. 1987 , Bentler 1989 , known as a ''stacked models'' analysis in LISREL).
We used the maximum likelihood method in EQS 4.0 (Bentler 1989) to estimate standardized path coefficients in separate models for each population and year. These coefficients are equivalent to standardized partial regression coefficients. Correlation matrices used in this analysis are reproduced in the Appendix. We include in the analysis only plants that flowered. Diameter, flower number, fruit number, and undamaged fruits were log-transformed to meet the assumption of multivariate normality. No transformation normalized distribution of percentage fruit and flower damage, so these variables were left unaltered. We tested for collinearity among predictor variables, a common problem in path analyses, by calculating variation inflation factors (VIFs) for each independent variable (Petraitis et al. 1996) . We also tested for nonlinear effects of predictor variables on fruit number using cubic spline regressions, with flower number as a covariate.
Models for the large colonizing population in 1991 and 1992 ( Fig. 1d and e) contain additional paths to incorporate the effect of percentage fruit damage. However, we did not allow estimation of the path coefficients for the effect of percentage fruit damage and fruit number on undamaged fruits but instead fixed their values to their standardized partial regression coefficients. This was necessary because undamaged fruits was not measured independently, but calculated from percentage fruit damage and fruit number, and allowing these path coefficients to be freely estimated would artificially increase the model fit (Loehlin 1987) . By fixing them in the model, we prevent them from entering the process of estimating model fit, but can still examine the indirect effect of other variables acting through these paths. Indirect effects of predictor variables on dependent variables were calculated by multiplying path coefficients involved in the indirect effect, and total effects were found by summing the direct and indirect effects of one variable on another.
Statistical criteria.-SEM allows assessment of the degree of fit between the observed and expected covariance structures, expressed as a goodness-of-fit 2 . A significant 2 indicates that the model does not fit the data. However, a significant 2 can also result from violation of several assumptions, and failure to reject a model (a nonsignificant 2 ) may result from inadequate statistical power (Bentler 1989 , Mitchell 1993 . Therefore, we also report the Bentler-Bonett Normed Fit Index (NFI), which is based on the model 2 relative to that of a model that assumes independence of all variables. NFI ranges between 0 and 1, with NFI Ͼ0.90 indicating a good fit (Bentler 1989) , and tends to underestimate model fit when sample sizes are small. We report overall fit to indicate that our models are a reasonable description of the processes that generate the observed correlations among variables, but our primary interest in model fit is in using it to assess the multivariate significance of individual path coefficients, and in the multisample analysis. It is worth noting that in- terest in the significance of individual path coefficients does not depend on the degree of overall fit (Biddle and Marlin 1987) . We used multivariate Wald tests (implemented in EQS 4.0) to assess the significance of individual path coefficients. The Wald test locates the set of path coefficients that can be considered zero simultaneously without worsening the fit (i.e., significantly increasing the 2 ) of the model (Buse 1982 , Bentler 1989 . Significance tests are possible only for direct effects.
Multisample analysis.-One goal of this study is to determine whether the relationships between variables differ between populations in 1990 or between years in the large colonizing population. In SEM, a multisample analysis allows one to ask whether sets of parameters in the model differ between groups, i.e., between populations or years (Bentler 1989) . Multisample analysis is done by imposing cross-group constraints on the path models, in which the path coefficients of interest are constrained to be equal in all groups. EQS is used to simultaneously fit the model to the data from each group. The procedure is similar to fitting the model to a single group, except that the constrained paths must have the same coefficient in all groups. Next, a Lagrange multiplier test is used to identify the set of constraints that, if simultaneously released, would result in a significantly better model (i.e., a lower goodness-of-fit 2 ; Bentler 1989: Chapters 6 and 7). Constraints whose release causes a significant decrement in fit are eliminated and the model is reestimated and reevaluated iteratively until no additional significant decrements are found. The remaining constraints indicate the path coefficients that are statistically indistinguishable across groups. In this study we performed two multisample analyses, one to assess differences between populations, the other for differences between years. We first evaluated the restrictive hypothesis of equality of all path coefficients, then used the Lagrange multiplier test to narrow the set of constraints to those that indicate statistically identical path coefficients.
RESULTS
Comparison of population means
In 1990 the large colonizing, small colonizing, and surviving populations were similar in mean plant diameter and flower number (Table 1) . However, plants in the surviving population flowered earlier, more synchronously, and for a shorter duration than those in the colonizing populations (Table 1, Fig. 2) . The surviving population also suffered one-third the percentage flower damage, but produced only about one-third as many fruits as plants in the colonizing populations. These differences were significant in nearly all comparisons (Table 1 ). In contrast, there were no significant differences between the two colonizing populations.
Plants in the large colonizing population were significantly larger in diameter in 1991 than in 1990 or 1992 (Table 1) , a consequence of retaining the previous year's plants in 1991 and 1992 and high turnover by 1992. However, there were no significant differences in flower number among years. Nor were there significant among-year differences in the means of the phenological variables, mean date, duration or asynchrony (Table 1, Fig. 2 ). In contrast, seed predation changed dramatically between years. In 1991 the lepidopteran P. icarioides was very abundant, causing on average 35% fruit damage and a corresponding drop in undamaged fruits. Percentage flower damage also changed significantly among years: in 1992 only 2% of flowers were damaged, whereas 9.4 and 11.0% were damaged in 1990 and 1991, respectively (Table 1) . Thus, while flowering phenology in the large colonizing population was constant over a 3-yr period, herbivore damage, especially to fruits, fluctuated markedly.
Path analysis
Model fit.-Our path models provided a good overall fit to the data sets for all populations and years studied (Fig. 1) . Four of the five models had a nonsignificant 2 indicating that the covariance structure specified by the model could not be rejected given covariance struc- tures of the data. All five models had Bentler-Bonett NFIs Ͼ0.90 indicating that the models provide an excellent fit compared to a null model that assumes independence among all variables. Because the one model rejected by the 2 test (Fig. 1b) was not rejected by the NFI, we conclude that this model is adequate, but that it may violate the assumption of multivariate normality, probably because we could not transform percentage flower damage to normality.
We found no evidence of significant nonlinearities in the effects of predictor variables on fruit number, based on cubic spline analysis. We also found little evidence of problems with collinearity of predictor variables. Although some predictor variables were very highly correlated (Appendix), they were even more highly correlated with the dependent variable, so that VIFs for the dependent variables do not exceed those of the model (see Petraitis et al. 1996) . However, in three models there was evidence that collinearity may inflate the variance of factors affecting mean date, but this did not prevent the detection of significant path coefficients. Such collinearity may also inflate the value of path coefficients, but this will not affect our main conclusions.
Size affects most variables.-The excellent fit of the path models was due largely to strong relationships between size (diameter and flower number) and most other variables. In all five models, flower number was strongly predicted by initial diameter, and had the largest direct effect on fruit number of any variable (Fig.  1) . Larger plants also flowered earlier and longer, but with mean dates nearer to the population mean (i.e., less asynchronous), in all populations and in all years studied (Fig. 1) . Although diameter was not allowed a direct effect on fruit number, it had strong indirect effects through all other variables. Summing the indirect effects of diameter for the five models yielded total effects on fruit number ranging from 0.31 in the small colonizing population to 0.60 in the surviving population. Note that because these are standardized coefficients, they indicate the average change in the dependent variable in units of standard deviation (SD) from the mean, given a one SD change in the predictor.
Factors affecting herbivory.-Flowering phenology (mean date and asynchrony) strongly influenced herbivore damage (percentage flowers damaged and percentage fruits damaged), even in populations or years where the average level of damage was relatively low (Fig. 1a-e) . In all five models, increasing asynchrony led to an increase in percentage flower damage. Mean date also strongly affected damage levels: later-flowering plants experienced less flower damage in the small colonizing and surviving populations, and in the large colonizing population in 1990 and 1992. This pattern was reversed in the large colonizing population in 1991. In this year fruit damage by P. icarioides was extremely high, and later-flowering plants had greater damage to both fruits and flowers (Fig. 1d) . Plant size (flower number) did not affect percentage flower damage in any of the five models. However, size (in terms of fruit number) did affect damage to fruits: larger plants sustained disproportionately higher percentage fruit damage by the lepidopteran P. icarioides in both 1991, when percentage fruit damage averaged 35%, and in 1992, when it was only 4% (Fig. 1d, e) .
Factors affecting fruit production.-In all five models percentage flower damage had a negative effect on fruit number, but in no model was the path coefficient significantly different from 0 (Fig. 1) . However, in 1991 the average percentage fruit damage was high, resulting on average in a 35% decrease in the final number of fruits (undamaged fruits). Because plants with more fruits were attacked more intensely (Fig. 1d) , the overall decrease in fruits was ϳ50%.
Our path analyses revealed a positive direct effect of mean date on fruit number in 1990 in the large and small colonizing populations, but not in the large surviving population. This path coefficient was also positive in the large colonizing population in 1991 and 1992. Thus, in the colonizing populations, once the effect of size (i.e., flower number) was statistically controlled for, plants that flowered later produce more fruits (mean path coefficient ϭ 0.15). In contrast to Note: *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001, assessed by Lagrange multiplier test, with simultaneous significance tests. Coefficients with significant 2 differ between populations (1990) or years (large colonizing population). 2 is the increment in model 2 (i.e., worsening of model fit) caused by forcing that path coefficient to be equal in the two years being compared. mean date, asynchrony had a significant effect on fruit number only in the surviving population.
In addition to direct effects on fruit production, our models specify that phenology could affect fruit number indirectly through percentage flower damage or affect undamaged fruits indirectly through percentage fruit damage and fruit number. Mean date and asynchrony both had strong direct effects on percentage flower damage in all models, but because percentage flower damage never affected fruit number, no indirect effect of phenology on fruit number was realized through this path (Fig. 1) . However, mean date did affect undamaged fruits indirectly in the large colonizing population in 1991 because plants that flowered later sustained significantly greater fruit damage (Fig.  1d) . As a result, the total effect of mean date on ln fruit number in 1991 was Ϫ0.07, effectively reversing the direct effect of 0.08.
Multisample analyses.-The multisample analysis of the 1990 populations rejected the hypothesis that the three populations could be described by identical models. The Lagrange multiplier test rejected 14 of 42 possible constraints indicating that the constraints resulted in a significantly higher 2 (Table 2 ; a higher 2 makes it more likely that the path model will be rejected). For example, if the path coefficient between mean date and percentage flower damage is constrained to be equal in the small colonizing and surviving populations, the model 2 increases by 38.4, a highly significant decrease in fit (Table 2) . Although 11 of the 14 rejected constraints were between the large and small colonizing populations, this difference was not significantly different than the two-thirds expectation. However, 10 of the rejections occurred in pairs such that if the path coefficient for one colonizing population differed from the surviving population, then the other colonizing population also differed (Table 2 ). This further indicates that the colonizing populations are more similar to each other than either is to the surviving population. In addition, differences in paths involving mean date contributed disproportionately to the total number of rejected constraints (P ϭ 0.006, by Fisher's exact test) and to the differences between colonizing and surviving populations (P ϭ 0.03, by Fisher's exact test). In fact, only 1 of the 14 rejected constraints did not involve a phenological variable, significantly fewer than expected (P ϭ 0.01, Fisher's exact test). Thus, populations differed primarily in relationships involving phenological variables, especially mean date.
The hypothesis of equivalent models also was rejected in the temporal comparisons of the large colonizing population. In this analysis, 8 of 42 equality constraints were rejected (Table 2 ). In addition, constraints between 1991 and 1992 were rejected for the effects of mean date and fruit number on percentage fruit damage. Of particular interest was the effect of mean date on fruit number, which did not change between years, but differed between the colonizing and surviving populations (Table 2) .
DISCUSSION
Demographic analysis of colonizing L. lepidus populations at Mount St. Helens, including those in the current study, demonstrates that they have sustained rapid population growth over a 10-15 yr period (Bishop 1996; C. M. Crisafulli et al., unpublished manuscript) and that fecundity contributes more than other life cycle components to population growth under these conditions (Bishop 1996) . This result implies that factors affecting the average fecundity (i.e., fruit number) of populations will affect the growth of colonizing populations. Moreover, because fitness in populations with overlapping generations is best measured as an individual's contribution to population growth (Lande 1982) , fecundity is an es-pecially important component of fitness in lupines colonizing Mount St. Helens, and traits affecting fecundity may experience phenotypic selection.
Spatiotemporal variation in selection.-The direct positive effect of flowering time (mean date) on fecundity (fruit number) was remarkably consistent between the two colonizing populations and across years in the large colonizing population. Coefficients for this path ranged from 0.08 to 0.21, indicating relatively strong phenotypic selection for later flowering. However, later flowering plants also experienced much greater seed predation in 1991 (total effect ϭ 0.29), when Ͼ50% of fruits were attacked by P. icariodes (Fig. 1d) . As a result, the net effect of mean date in 1991 was reversed, resulting in selection for an earlier, rather than later, mean date. Duration of flowering also had large, positive direct effects on fruit production in 1991 (0.31) and 1992 (0.18), and its direct effect also was partially negated in 1991 by indirect effects through fruit number and percentage fruit damage. Thus, over the three years of this study there was strong but temporally variable selection on two phenological variables in colonizing populations. Spatial variation in the effect of phenological variables was also apparent. Whereas mean date strongly affected fruit number in colonizing populations in 1990, it had no effect in the surviving population, and asynchrony had a positive effect only in the surviving population (Fig. 1a) .
These patterns of spatial and temporal variation were confirmed by the multisample analysis, which provided a method for judging the equality of path coefficients. The analysis indicated that colonizing populations differed from the surviving population in the effects of asynchrony and mean date, and that the effect of mean date and fruit number on percentage fruit damage was greater in 1991 than in 1992.
What unmeasured factor is responsible for the positive relationship between flowering date and reproductive success in colonizing populations, and its absence in the surviving one? Flowering phenology is commonly thought to affect reproduction through its role in achieving pollination, either by determining attractiveness to pollinators or determining synchrony with potential mates (Rathcke and Lacey 1985) . Bee visitation patterns were consistent with the hypothesis of pollination failure in 1990 and 1991, when little bumblebee visitation occurred in colonizing populations until late in the season, but not in 1992 when bee visitation was uniformly high (J. G. Bishop, K. Werner, and D. W. Schemske, unpublished manuscript) . Moreover, L. lepidus is capable of autogamy (in the presence of wind agitation) and a pollen addition experiment in 1991 provided no evidence for pollen limitation (J. G. Bishop, K. Werner, and D. W. Schemske, unpublished manuscript) . Therefore, it seems unlikely that the advantage of later flowering is simply a result of early season pollination failure. A more likely explanation is that soil moisture conditions favored fruit maturation late in the summer. Maximum vapor pressure deficits at Mount St. Helens are highest and soil water potentials lowest in late July and early August (Braatne 1989, del Moral and Bliss 1993) . In 1990 it did not rain from July 8 until August 14, and midsummer precipitation was similarly lacking in 1991 (Fig. 2, National Climate Data Center 1994 . Increased precipitation and decreased temperatures after early August provide better conditions for ripening of fruit (Braatne 1989) and probably are responsible for the positive direct effect of both mean date and duration on fruit number. Plants in the surviving population were not able to take advantage of improved conditions because they finished flowering and setting fruit before late-August rains (Fig. 2) .
Alpine and subalpine plants often experience summer drought conditions that may affect phenological patterns (Jackson and Bliss 1984 , Galen and Stanton 1991 , Walker et al. 1995 , and early cessation of flowering in the surviving populations may also derive from more extreme soil moisture conditions. Braatne (1989) found that, due to steeper slopes and other factors, soil water potential at the surviving site was often low enough to limit photosynthetic activity, but this rarely occurred in sites similar to the colonizing ones. Thus, in the surviving population, but not in the colonizing populations, rapid drying may attenuate flowering duration, thereby decreasing mean date and asynchrony. Whether these differences are genetically based is unknown.
Evolutionary implications.-Having studied only one surviving and two colonizing populations, we cannot conclude that the two types of populations are generally different. However, compared to colonizing populations, surviving populations around the volcano are at higher altitude, on better developed soils (del Moral and Bliss 1993), and in closer proximity to pre-eruption communities with richer assemblages of competitors del Moral 1987, del Moral and Wood 1988) and arthropods. Therefore, we expect that the reproductive consequences of variation in flowering phenology will be spatially heterogeneous, but that there will be consistently greater differences between colonizing and surviving populations than among colonizing populations. Such spatial differences in selection could lead to evolutionary divergence in phenology. However, if herbivores frequently reverse the otherwise positive effect of later flowering, then optimal flowering phenology will shift frequently within generations. This may prevent any finescale adaptation of mean flowering date, tending instead to maintain within-population variation in phenological traits and possibly resulting in the evolution of increased phenotypic plasticity (Via et al. 1995) . We expect great temporal fluctuation in optimal phenology at Mount St. Helens for three reasons. First, our results indicate considerable temporal variation in the reproductive consequences of phenology, due primarily to among-year fluctuation in herbivores. Such fluctuations appear to be common in this system (Bishop 1996; W. F. Fagan and J. G. Bishop, unpublished manuscript) . Second, L. lepidus populations probably persist for only a few tens of generations due to succession. This process also causes a gradual increase in the average elevation of lupine populations. Third, Mount St. Helens is a young volcano, with an eruption return interval of ϳ150 yr (Harris 1988) . As a result, both treeline and L. lepidus were ϳ600-1000 m below the local norm even before the 1980 eruption (Lawrence 1938) . Overall, repeated disturbance, succession, and small-scale environmental variation are likely to result in frequent shifts in optimal phenology that may be difficult to track genetically. Although phenologies in colonizing and surviving populations already differ in the direction predicted by phenotypic selection and in accord with seasonal soil moisture availability, whether these differences stem from local adaptation or phenotypic plasticity (or both) is unknown.
Herbivory, phenology, and colonization
In 1991 fruit predation by the lepidopteran P. icarioides led to a 50-60% decrease in fruit production in the large colonizing population relative to 1990 and 1992. Given the demographic importance of fecundity in this system, if this level of seed loss occurs frequently, it may decrease the rate of population founding and growth in L. lepidus. In fact, P. icarioides, along with several other seed predators, decreased seed production by as much as 50% in the three years subsequent to this study (1993 ( , Bishop 1996 . The demographic effects of these and other herbivores appear to be greater and more highly episodic in newly founded populations than in older ones (Bishop 1996; W. F. Fagan and J. G. Bishop, unpublished manuscript) , possibly due to a lack of natural enemies in newly founded populations, and one may also expect strong, but variable, selection for herbivore resistance. Heavy seed predation by P. icarioides Ehrlich 1968, 1972) and other lepidopterans (Harrison and Maron 1995) has been documented in other Lupinus species, but was thought not to affect population dynamics due to extensive seed banks.
Variation in phenology may also influence population dynamics through its effect on fecundity. In 1990 and 1992, when seed predation was low, plants in the colonizing population produced 2-3 times more fruits on average than those in the surviving population (Table 1). Because plants in the surviving population were as large or larger than those in colonizing populations, this increase in fruit production presumably is the benefit of later and longer flowering, possibly combined with a shift in resource allocation toward fecundity. Thus, assuming that the pre-1980 ancestors of the colonizing populations were similar to plants in the surviving population, flowering phenologies have already shifted in a manner that will increase rates of reproduction and hence colonization. However, even within populations, variation in phenology contributes significantly to variation in fruit number in the colonizing populations, suggesting that nonoptimal phenologies may decrease rates of colonization. Although this affect is diminished in some years by the effects of fruit damage, it demonstrates the importance to colonizing species of a rapid response to environmental variability. 
